The endosymbiotic bacterium Wolbachia pipientis has been shown to restrict a range of 35 RNA viruses in Drosophila melanogaster and transinfected dengue mosquito, Aedes 36 aegypti. Here, we show that Wolbachia infection enhances replication of Aedes albopictus 37 densovirus (AalDNV-1), a single stranded DNA virus, in Aedes cell lines in a density-38 dependent manner. Analysis of previously produced small RNAs of Aag2 cells showed that 39
challenged flies showed a non-significant 1.8-fold increase in the presence of Wolbachia as 119 compared to uninfected flies (Teixeira et al., 2008) . In the second report, the presence of 120 three different Wolbachia strains wExe1, wExe2, and wExe3 in the African armyworm moth 121 Spodoptera exempta was positively associated with prevalence of Spodoptera exempta 122 nucleopolyhedrovirus (SpexNPV) related deaths in the moth's larvae (Graham et al., 2012) . conducted RNA sequencing and also re-analyzed small RNA profiles of viral RNAs (vRNAs) 131 in Aag2 and Aag2.wMelPop-CLA cells produced previously from the cytoplasmic and 132 nuclear fractions (Mayoral et al., 2014a; Mayoral et al., 2014b) . In addition, we also explored 133 the effect of a supergroup B Wolbachia strain (wAlbB) on Aedes densovirus by generating 134 a stably transinfected Aag2 cell line with wAlbB (denoted Aag2-wAlbB). 135
Methods and Materials 136

Mosquito cells 137
Ae. aegypti Aag2 cell line (Peleg, 1968) and Aag2 cells infected with wMelPop-CLA, 138 previously described by (Frentiu et were then lysed via sonication, and the lysate filtered through a 1.2 µm filter. The filtrate was 152 centrifuged and resuspended in 2 ml of 1:1 Mitsuhashi-Maramorosch and Schneider's 153 insect media, supplemented with 10% FBS. The suspension was added to 1.5 x 10 6 Aag2 154 cells adhered to 1 well of a 6-well plate, and allowed to incubate for 24 h at 27°C. GGACACTTCCGGCACGTAGT-3′). To generate a Wolbachia free Aag2-wAlbB line (Aag2-163 wAlbBT) we tetracycline cured using the methods outlined in (Asad et al., 2018) . 164
Experimental inoculation of Aa20 cells with AalDNV-1 165
Aa20 cells were experimentally infected with AalDNV-1 from persistently infected Aag2 and 166 C6/36 cell lines as follows. 6x10 6 Aa20 cells were seeded into a 12 well plate and allowed 167 to adhere for 30 min. To prepare AalDNV-1 inoculum from cell lines, C6/36 and Aag2 cells 168 were spun at 16000 xg for 3 min. The supernatant was then filtered through a 0.22 μm filter. 169
Aa20 medium was removed and replaced with 1mL of inoculation medium. Cells were 170 rocked for 1 h, the first time point was designated as the first time point day 0. Samples were 171 then taken at 1, 3 and 5 dpi. 172
RNA extraction and sequencing 173
Total RNA of Aag2 cells was extracted using QIAzol Reagent (Qiagen). Total RNA was 174 quantified and qualified by Agilent 2100 bioanalyzer (Agilent Technologies, Palo Alto, CA, 175 USA), NanoDrop (Thermo Fisher Scientific Inc.) and 1% agarose gel. 1 μg total RNA with 176 RIN value above 7 was used for the following library preparation. Next generation 177 sequencing library preparations were constructed according to the manufacturer's protocol 178 using NEBNext First Strand Synthesis Reaction Buffer and NEBNext Random Primers. First 179 strand cDNA was synthesized using ProtoScript II Reverse Transcriptase and the second-180 strand cDNA was synthesized using Second Strand Synthesis Enzyme Mix. The purified 181 double-stranded cDNA (by AxyPrep Mag PCR Clean-up, Axygen) was then treated with End 182
Prep Enzyme Mix to repair both ends and add a dA-tailing in one reaction, followed by a TA 183 ligation to add adaptors to both ends. Size selection of adaptor-ligated DNA was then 184 performed using AxyPrep Mag PCR Clean-up, and fragments of ~360 bp (with the 185 approximate insert size of 300 bp) were recovered. Each sample was then amplified by PCR 186 for 11 cycles using P5 and P7 primers, with both primers carrying sequences which can 187 anneal with flow cell to perform bridge PCR and P7 primer carrying a six-base index allowing 188 for multiplexing. 189
DNA Extraction and PCR Amplification 190
DNA was extracted using a DIY spin column protocol described in (Ridley et al., 2016) . For processing of total RNA-Seq data we used CLC Genomics Workbench (version 10.1.1) 203 to remove adapter sequences and reads with low quality scores from datasets. We applied 204 the quality score of 0.05 as cut off for trimming. As described in CLC Genomic Workbench 205 manual, the program uses the modified-Mott trimming algorithm for this purpose. comparison between sRNA libraries we used reads per million. Unmapped reads less than 212 16 nt and greater than 32 nt were trimmed from all libraries and sRNA was then mapped to 213 our assembled contig using the strict mapping criteria (mismatch, insertion and deletion 214 costs: 2 : 3 : 3, respectively). For analysis of nucleotide frequency and conservation of 215
AalDNV-1 piRNAs, the RNA-Seq tool on CLC Genomics Workbench was used with default 216 mapping parameters. Mapped reads were then extracted, trimmed to individual nucleotide 217 lengths and visualized using WebLogo (Crooks et al., 2004) . 218
Phylogenetic analysis 219
To determine relatedness between the assembled CDS region of Aag2 densovirus and the 220 previously reported densovirus species of Culicidae mosquitoes, we aligned the CDS 221 by re-mapping to the contig and manually checking for errors. The average coverage of the 245 densovirus contig was 600x (Fig. 1A) . Prediction of open reading frames from this contig 246
showed that it is coding complete with no premature stop truncations and represents a bona 247 fide DNV genome. 248
As we have assembled a related strain to AalDNV-1, and the original designation of this 249 virus, Aedes parvovirus (AaPV) (Boublik et al., 1994) , was harvested from Ae. albopictus 250 C6/36 cell lines and as these viruses are generally named after host species from which the 251 virus was isolated from, it may not represent the true origin of the virus (Carlson et al., 2006) . (CpDNV) (EF579756.1) (Zhai et al., 2008) showed that the densovirus persistently infecting 261
Aag2 cells was well supported within a clade from densoviruses previously found in 262
Culicinae cell lines (Fig. 1B) . The evolutionary rate between the original Aedes parvovirus 263 genome isolated in 1994 from Ae. albopictus C6/36 cells (Boublik et al., 1994) 
t-Test). The wAlbB transinfected Aag2 cells 286
Aag2-wAlbB had a higher abundance of AalDNV-1 copy number (x̅ =877, n=3) compared to 287 its tetracycline cured line Aag2-wAlbT (x̅ =412, n=3) and also the Aag2 cells (p ≤ 0.05; 288 Student's t-Test). A similar trend was also observed for AalDNV-1 copy number in Aa23 289 (x̅ =0.258, n=3) cells and their tetracycline cured line Aa23-T cells (x̅ =0.0684, n=3) (p ≤ 0.05; 290
Student's t-Test). 291
We could not amplify any AalDNV-1 from Aa20 cell line. As such, we used this cell line as a 292 means to find out if the AalDNV-1 particles from both C6/36 and Aag2 cells were infectious. 293
Purified supernatant from both C6/36 (Fig. 2B ) and Aag2 medium (data not shown) were 294
shown to increase over a 5-day time course, with Aa20 cells showing higher permissibility 295 to infection and no obvious cytopathic effect. 296
AalDNV-1 infection is enhanced by Wolbachia in a density dependent manner in Ae. 297 aegypti and Ae. albopictus cells 298
To determine the relative density of Wolbachia in the aforementioned cells, we conducted 299 qPCR (Fig. 3A) validating the presence of high Wolbachia genome copies in Aag2-Pop 300 (x̅ =18.9, n=3), Aag2-wAlbB (x̅ =0.69, n=3) and Aa23 cells (x̅ =0.21, n=3) compared with their 301 tetracycline cured lines. To further explore the association between Wolbachia presence 302 and higher genome copies of AalDNV-1 in Aedes cells, we generated 32 DNA samples from 303 ten successive tetracycline (5 g/mL) treatments of Aag2-Pop and plotted the relationship 304 between density of Wolbachia genome copies over genome copies of AalDNV-1. Linear 305 regression analysis showed there was a positive relationship between Wolbachia genome 306 copies in these cells (R 2 = 0.5647; p ≤ 0.0001) (Fig. 3B ). This trend was also observed when 307 cross checking 28 historical samples from 2017 from nine successive tetracycline (5 g/mL) 308 treatments in the production of the Aag2-Pop-T line (Fig. S1 ) (R 2 =0.6784; p ≤ 0.0001). In 309 addition to tetracycline treatment of Aag2-Pop cells, the stably infected Aag2-wAlbB line was 310 monitored every two passages over 30 passages for Wolbachia density and AalDNV-1 copy 311 number (n=15). Linear regression analysis showed there was also a positive relationship 312 between Wolbachia density (R 2 =0.6779; p ≤ 0.001) and AalDNV-1 genome copy number in 313 these cells (Fig. 3C ). Taken together, Wolbachia appears to enhance AalDNV-1 replication 314
and this enhancement appears to be in a density dependent manner. 315
AalDNV-1 gene transcripts are targeted by the RNAi response 316
RNAi response is observed in mosquitoes against disparate RNA virus infections. This 317 small RNAs mapping to the AalDNV-1 viral genome were the same between both Aag2 (Fig.  330   4A ) and Aag2-Pop cells (Fig. 4B) . Total sRNA reads mapped unevenly throughout the 331
AalDNV-1 genome with "hot spot" regions being highly targeted (regions 400-570nt and 332
2300-2800nt). 333
In Aag2 cells, the majority of sRNAs mapped to the genome sense (87.45%) orientation 334 than compared with the (12.54%) to the antigenome strand of AalDNV-1. This 7:1 335 genome:antigenome ratio of mapped reads is similar to previously reported Culex pipiens 336 molestus mosquitoes infected with Mosquito densovirus (MDNV) (Ma et al., 2011) . In Aag2-337
Pop, most reads mapped to the genome (80.91%), however interestingly there was a greater 338 number of total reads mapping to the anti-genome (19.08%) 4.24:1 genome:antigenome. 339
Analysis of the composition of sRNA read sizes of AalDNV-1 derived sRNA showed a higher 340 abundance of 21 nt reads (representing viral short interfering RNAs, vsiRNAs) in Aag2-Pop 341 cells (~20% of the total reads) as compared with Aag2 cells (~15%) (Fig. 4C-D) . These 21 nt fractions and re-mapped the reads to the AalDNV-1 genome (Fig. 5A-B Orthopoxvirus) and is due to overlapping transcription of genes on both strands of the DNA 357 virus genome (Sabin et al., 2013) . This suggests that the biogenesis of these vsiRNAs may 358 be derived through overlapping transcription of genes on the genome and antigenome 359
strands. 360
The piRNA pathway processes viral RNA into 25-29 nt vpiRNAs. While it has been reported 361 that abundant 25-29 nt sRNA reads were present in C. pipiens molestus mosquitoes infected 362 with MDNV (Ma et al., 2011) , the vpiRNA signature of these 25-29 nt reads were not 363 examined for the presence of primary and secondary piRNAs. As there is no previous report 364 of the presence of vpiRNAs in the case of DNA viruses of insects, we examined the mapping 365 pattern and also the "ping-pong" signature (U1 -A10) of AalDNV-1-derived 25-29 nt reads in 366 both Aag2 and Aag2-Pop cells. In comparison to the vsiRNA profile, the vpiRNAs were most 367 abundantly targeted towards the end of the NS2 and VP genes (Fig. 6A-B) . Generally, there 368
were also far more vpiRNAs targeting the AalDNV-1 genome in both the pooled datasets 369 (Fig. 4A-B ) and individual cytoplasmic and nuclear fractions as compared with the 370 antigenome (Fig. S2) . 371
In the pooled nuclear and cytoplasmic libraries for both Aag2 and Aag2-Pop cells, we 372 noticed there was a typical "ping-pong" signature (U1 -A10) of secondary piRNAs in vpiRNAs. 373
However, when we considered just the cytoplasmic and the nuclear fractions of the Aag2 374 and Aag2-Pop cells individually, we noticed that there was exclusive production of primary 375 piRNAs (U1 biased) targeted against the (-) strand and no bias towards an A10 signature in 376 the nuclear fraction of both Aag2 and Aag2-Pop cells (Fig. 6C ). However, a typical "ping-377 pong" signature (U1 -A10) was observed in reads from the cytoplasmic fraction (Fig. 6D) . contigs for the presence of AalDNV-1. One 80kb contig (2140) showed a number of hits to 385 our assembled AalDNV-1 genome (Fig. 7A) , while it appears that the contig was assembled 386 in the sense and then antisense orientation for ~80kb. Due to the nature of the movie-length 387 PacBIO SMRT Sequencing, if the polymerase runs to the end of the insert, it will continue 388 looping back on the template molecule until the acquisition period ends (Eid et al., 2009) . 389
Analysis of the raw data indicated that this was the case as the forward and reverse of the 390 genome were shown immediately in the raw data. Further analysis of the contig showed that 391 it was a partial AalDNV-1 genome assembled by itself, but the VP gene of the genome was 392 disrupted whereas the terminal hairpins and NS1/2 genes remained intact (Fig. 7B) . 393
The Aag2 cell line is RNAi proficient and numerous studies have used the cell line to 394 elucidate components of the siRNA and the piRNA pathways in virus-host interactions. We 395 were interested to re-analyse this collective resource to look at determinants of the RNAi 396 response in Aag2-densovirus interactions. We downloaded small RNA sequencing data 397 from a recent study characterizing the role of the PIWI protein 4 in the antiviral pathway 398 (Varjak et al., 2017). Mapping sRNA reads to our assembled reference contig from the 399 parental Aag2 cell line (AF5) we noticed there was also an absence of mapped reads to the 400 VP region of the densovirus genome (Fig. 7B) . This was not due to sequencing depth as 401
AalDNV-1 reads comprised as many as 1.08% of the reads (n=122,398). In addition to this 402 absence of mapped reads towards the VP gene region, we noticed that vpiRNAs were 403 absent and not produced against this contig (Fig. 7D) . Greater than 80% of the mapped 404 reads are 21 nt in size and mapped equally to the genome and antigenome, without the 7:1 405 genome:antigenome strand bias presented here and previously in mosquitoes infected with 406
DNVs (Ma et al., 2011). 407
We expanded our search to other Aag2 datasets deposited in the Short Read Archive on 408
NCBI. Subsequent re-mapping of sRNA reads from Aag2 cells indicated that this portion of 409
AalDNV-1 was "silent" or potentially defective in every Aag2 dataset except the total RNA 410 and sRNA data produced from sequencing data from our Aag2 cells. Parvoviruses in 411 mammals have been shown to generate defective particles during high-multiplicity infections 412 (Faust and Ward, 1979) . These defective particles vary in size but always retain the terminal 413 palindromes. We suspected that the AalDNV-1 densoviruses common in Aag2 cells may 414 exist as a defective interfering particle. We designed a PCR primer set that encompassed 415 the region that appeared absent in other Aag2 data and were able to amplify an 416 appropriately sized amplicon in our Aag2 cells (data not shown). 417
In addition to the parental Aag2 (AF5) line, sRNA data from a second Dicer-2 knockout (KO) 418 cell line (AF319) was available for analysis. Reads from the Dicer-2 KO were mapped 419 against our AalDNV-1 reference contig. Once again, there were an absence of reads 420 mapping to the suggested truncated region with only 2,485 reads representing 0.01% of the 421 library (Fig. 7C) . In addition, 21 nt vsiRNAs were almost absent against AalDNV-1 in Dicer-422 2 KO AF319 cells suggesting that vsiRNAs are drastically reduced when Dicer-2 is depleted 423 in the cells (Fig. 7D) . Interestingly, the number of vpiRNAs increased in Dicer-2 depleted 424
cells. 425
As disruption of the VP gene results in lack of productive virion production in Aedes 426 densovirus, and that Ae. aegypti flanking sequences are absent in the assembled contig 427 from the Aag2 cells used for genome sequencing, the defective AalDNV-1 genome should 428 not be integrated into the host genome and rather extrachromosomally maintained. Piwi5 and Ago3 are the core proteins of the mosquito ping-pong loop and occur almost 510 exclusively in the cytoplasm (Miesen et al., 2015) . As the replication of densoviruses are 511 exclusively nuclear, it may be the case that the biogenesis of the primary U1 piRNAs in the 512 nucleus may not be from Ago3/Piwi5 cleavage but may in fact be targeted by Zucchini (Zuc). 513
Has the AalDNV-1 defective particle cleared AalDNV-1 from most Aag2 cells? 514
There has been considerable interest in viral derived DNA (vDNA) intermediates produced 515 in mosquitoes in response to RNA virus infection (Goic et al., 2016) . Work conducted by 516
Poirier and colleagues showed that defective viral genomes (DVGs) form chimeric forms 517 with host LTR retrotransposases to produce circular vDNA (Poirier et al., 2018) . These 518 circular vDNA chimeras were then shown to serve to amplify siRNA-mediated antiviral 519 immunity in insects, as mapping profiles indicated they exclusively produced vsiRNAs 520 (Poirier et al., 2018) . Densoviruses are ssDNA viruses until they infect the host. Upon entry 521 into the nucleus, the ssDNA template is "repaired" into a closed circular form. All evidence 522 presented here indicate that the most common and predominant AalDNV-1 in published 523
Aag2 datasets exists as truncated and defective, as it has been demonstrated that plasmids 524 that have disrupted VP genes do replicate and express, but they do not produce virions, and 525 defective vDNA virus genomes as demonstrated previously (Poirier et al., 2018) . Also, it 531 seems unlikely that the vDNA was produced from the canonical LTR retrotransposase 532 chimerisation events which has been suggested previously in RNA virus infection (Poirier et 533 al., 2018) and is more likely to be produced through errant DNA genome production. 534
Interestingly, in Dicer-2 knockout Aag2 cells the 21 nt vsiRNAs basically disappeared but 535 there was an increase in the number of piRNA size sRNAs against the defective genome. 536
Previous research has shown that in the absence of an efficient siRNA response, more 537 piRNA size sRNAs are produced against viruses (Brackney et al., 2010; Scott et al., 2010) . 538
However, the number of vpiRNAs produced in Dicer-2 knockout cells is far less than those 539 found in our Aag2 cells. Previous work in Drosophila suggest that production of piRNAs 540 against nuclear gene transcripts is controlled by a 100 nt cis-regulator elements that triggers 541 piRNA production (Ishizu et al., 2015) . The vpiRNAs that are produced in response to 542
AalDNV-1 infection in our non-defective Aag2 cell line are targeted towards the end of the 543 NS2 and VP genes. As the VP gene is truncated in the interfering particle, it may be the 544 case that the lack of vpiRNA production is reduced by the absence of a cis-regulatory 545 element within the genome. 546
Amazingly, it appears that this defective interfering particle has managed to predominate in 547 all published Aag2 datasets. The fixation of this defective particle within common Aag2 cells 548
indicates that the vsiRNAs produced from this might have been able to successfully clear 549 the non-defective forms. This suggests that vDNA forms of ssDNA viruses may also work to 550 promote tolerance within mosquitoes to DNA virus infections as is suggested in RNA virus 551 infection. 552
Conclusions 553
Overall, we have shown that in the presence of Wolbachia, there is greater levels of AalDNV 554 
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